Abstract: In this paper, we report on a compact frequency conversion scheme based on high-power photonic crystal fiber (PCF) laser at optical communication band using a multigrating MgO-PPLN crystal. Temperature dependence of wave-vector mismatch, group velocity, central wavelength, and conversion efficiency was theoretically analyzed. Temperature tuning characteristics were experimentally obtained by propagating 240-fs pulses with a 126-MHz repetition rate in a 10-mm-long MgO-PPLN crystal. We also observed and characterized second-harmonic generation (SHG), third-harmonic generation (THG), and fourth-harmonic generation processes in the same crystal. Maximum SHG and THG conversion efficiency values of 27.5% and 4.3% were achieved at 100 C and 77 C, respectively.
Introduction
A multi-wavelength ultrashort pulse source is an attractive photonic source for many applications, such as in ultrafast optoelectronics and spectroscopy. However, the choice of traditional solid-state lasers or optical parametric oscillators limits its flexibility and miniaturization. With recent progress in fiber laser technology, a mode-locked photonic crystal fiber (PCF) laser with high power level, wide spectrum range, and engineerable dispersion capability has been demonstrated [1] - [3] . Therefore, a multi-wavelength generator based on PCF laser is becoming a desired scheme.
In the context of nonlinear frequency conversion process, quasi-phase-matching (QPM) provides the periodic modulation of the nonlinear susceptibility, which can compensate for the phase-mismatch through an additional grating wave vector [4] - [6] . A significant advantage of QPM is that the highest effective nonlinear coefficients of materials can be available, thus providing greater conversion efficiency [7] - [9] . Lithium Niobate (LN) crystal doped with MgO is a very promising nonlinear optical material due to its improved resistance to photorefractive damage, and has slightly larger nonlinear optical coefficient, d 33 , compared with congruent LN [10] . Early work on all-fiber frequency conversion system based on QPM material has been achieved [11] - [14] . However, to our knowledge, there has been no report on temperature-tuning characteristics of the multi-wavelength generator using MgO-PPLN based on a high-power PCF laser in the femtosecond regime.
In this paper, a compact wavelength converter scheme based on MgO-PPLN and Er-doped PCF fiber is proposed. Temperature dependence of wave-vector mismatch, group velocity, conversion efficiency, central wavelength was theoretically analyzed in detail. In the experiment, using Er-doped PCF fiber emitting 240 fs pulses with a 126 MHz repetition rate, in a 10-mm-long MgO-PPLN crystal, temperature tuning characteristics were obtained. We also observed and characterized second-, third-and fourth-harmonic (SH, TH, and FH) generation processes. A maximum SHG and THG conversion efficiency (CE) of 27.5% and 4.3% was achieved at 100 C and 77 C, respectively.
Temperature Dependence of QPM Wavelength and Wave Vector Mismatching
In general, refractive indices depend on the polarization of the propagating wave. To realize efficient conversion in QPM materials, the interacting waves should be coupled by the highest tensor element d 33 of the nonlinear susceptibility. This is the case if all the interacting waves have the same extraordinary polarization, which can be realized easily by the system setup. With this in mind, primarily, the extraordinary refractive index n e ð; T Þ is of special interest. For the calculation a Sellmeier equation similar to the one used by Jundt [15] for CLN is assumed:
The coefficients a i and b i are obtained by minimizing the value of the sum; this multi-phonon absorption model contains a UV and IR absorption pole. The temperature dependence is given by the coefficients bi and the temperature parameter f ðT Þ ¼ ðT À 24:5ÞðT þ 570:82Þ (2) with T given in C. The central wavelength is determined by the following [16] :
Since the refractive indices are temperature dependent, when we change the operating temperature, the ðn SH À n FF Þ part will consequently change, thus the central wavelength will be tuned to a new value. The central wavelength-tuning as a function of temperature in MgO-PPLN is shown in Fig. 1 . It can be seen that the wavelength shift at each period exhibits a near-linear dependence on the temperature. The tuning rates are 0.154, 0.158, 0.160, 0.162, 0.168 nm/ C at periods from 19.5 to 21.1 m. Therefore, without the necessity of heating the device to a high temperature, a wide tuning range can be obtained. In addition, based on the Sellmeier equation used above, the temperature dependence of wave-vector mismatch Ák ðÞ can be expressed follows:
where^is the grating period. It is easy to know that the change of phase mismatch affects the output efficiency and the spectrum range. The effect of temperature and grating period on the phase mismatch is shown in Fig. 2 . It indicates that the influence of temperature on the wave phase mismatch is about one order of magnitude smaller than that of the grating period change. Therefore, in order to obtain the most efficient and adjustable output efficiency, we can adjust the phase mismatch by changing these two parameters in different degrees. In other words, the rough adjustment of the phase mismatch can be achieved by grating period, and the micro adjustment of the phase mismatch can be realized by temperature. The double tuning of these two parameters not only increases the adjustment range of mismatch quantity but improves the accuracy of the regulation as well.
Temperature-Dependent Group Velocity
For conventional nonlinear crystals based on angle-tuning PM, when group velocities are matched, the phase velocity matching condition usually cannot be satisfied simultaneously, resulting in poor conversion efficiency. The key idea of the GVM-absent PM is modifying the group-velocities of the interacting waves through temperature regulation [17] . On this basis, phase velocities matching can be achieved simultaneously via QPM with a proper grating period. As we all know, refractive index is temperature-dependent, the group velocity should be temperature-relative as well, which is shown in Fig. 3 . As shown by the calculated results, for the FF wavelength of 0.51-1.55 m, there is definitely remarkable difference between their group velocities when they are both in e-polarization, which seems to be indelible just via simply regulating the crystal temperature (see Fig. 3(a) ). Whereas, when these waves transmit with orthogonal, i.e., 1.55 m is e-polarized while 0.51-1.55 m is o-polarized, their group velocities may be matched at a certain temperature (see Fig. 3(b) ).
Temperature Dependence of Output Wavelength
The period of MgO-PPLN crystal was designed for a given FF input wavelength (1550 nm), and the spectral shifts of resonant wavelength (red or blue) were obtained by changing temperature shown in Fig. 4 . It is apparent that the central wavelength of SH shows a red shift with the increase of temperature subtly, as shown in Fig. 4(a) . While the temperature increases from 25.6 C to 150 C, the center of the SH wavelength shows a red shift from 769.4 nm to 774.4 nm with a small amplitude fluctuation. The linear fitting shows that the tuning rate is about 0.05 nm/ C. However, the central wavelength of TH is hardly influenced by temperature, which is shown in Fig. 4(b) . Besides, normalized spectrum of TH of the inset shows that the temperature only affects the intensity of the spectrum instead of spectral shape.
Temperature Dependence of Conversion Efficiency
Fig . 5 shows the relationship between the conversion efficiency and the propagation length under different temperature. With the increase of the propagation length, the efficiency of SH and TH are gradually enhanced, and energy enters the inverse transition region after pulses propagating at about 5 mm, which appears as periodic characterization. From Fig. 5(a) , the efficiency of SH remains stable after reaching 65% at 2 mm, and the efficiency fluctuates greatly below 90 C; however, the periodic change trend is not obvious above 90 C. Similarly, the efficiency of TH remain stable after reached 20% at 2 mm. The lower the temperature is, the greater change of the efficiency occurring. The periodic fluctuations of the harmonics with the propagation distance due to the energy flow between the harmonics and fundamental wave, which reflects the conservation of energy further.
Experimental Configuration
A schematic of nonlinear frequency conversion process is depicted in Fig. 6(a) . The fundamental wave at a central wavelength of 1550 nm has pulse duration of about 240 fs and a spectral width of about 26 nm. A combination of a half-wave plate at 1550 nm and polarization beam splitter (PBS) was used to adjust the power of fundamental wave. A lens with a focal length of 50 mm is used to couple the fundamental beam into the sample. The MgO-PPLN sample is put inside an oven whose temperature is controlled with an accuracy of 0.1 C. The laser-oscillator and amplifier stages of the polarization evolution (NPE) based PCF lasers developed in this work employ diode-pumped Erbium-doped single-polarization LMA PCFs (see Fig. 6(b) ), delivering laser Fig. 6(c) .
Typical simultaneous spectra of SH, TH, and FH waves observed by use of optical fiber spectrometer (Ocean Optics SD 2000) are shown in Fig. 7 . The SH wave located around 775 nm with an average power of 110 mw. The measured pulse width of FF and SH wave is about 260 fs and 310 fs, respectively, which clearly suffered a significant influence of group-velocity dispersion, and results in the expanded pulse duration. The generated TH wave centered in the green has an average power of 12 mw and has an FWHM width of 4 nm, which seems like a little asymmetry as a result of Kerr-like effect. The obtained FH wave centered in the ultraviolet with an FWHM width of 1.03 nm, and corresponding average power is about 8 mw. Due to the effect of spectrum filtering of group velocity mismatching (GVM), the frequency component away from the center is gradually being filtered out, only leaving the component near the center. Therefore, the spectral width of the obtained FH wave is narrower than that of the generated TH wave.
Temperature tuning performance can be precisely evaluated using power meter, which is shown in Fig. 8 . It shows the measured SH wave and TH wave output power at different fundamental power as a function of temperature. As shown in the figure, under higher input fundamental power, the SH output power is still quadratic increasing, and CE is linear increasing, depending on the input fundamental power and showing a saturation trend at a higher temperature than 100 C. At the maximum peak fundamental power of 401.5 mw, the SH conversion efficiency obtained is about 27.5%, generating the peak SH power of 108.17 mW. However, the generated TH wave acts as an opposite case. The maximum TH conversion efficiency obtained is about 4.3% at the fundamental power of 167.2 mw. It implies the energy flow between the SH wave and TH wave during the frequency conversion process. In addition, the frequency conversion power is a function of the crystal temperature; it exists as the corresponding phase matching temperature. For the SH and the TH process, the measured optimal temperature is about 100 C and 77 C, respectively, which is independent of the incident power.
Conclusion
A compact frequency conversion scheme based on high power PCF laser using multi-grating MgO-PPLN crystal was demonstrated. To obtain a temperature tunable efficient frequency conversion, temperature dependence of wave-vector mismatch, group velocity, conversion efficiency, and output wavelength was theoretically analyzed. A corresponding temperature tuning experiment was achieved using an Er-doped PCF fiber laser system emitting 240 fs pulses with a 126 MHz repetition rate, in a 10-mm-long MgO-PPLN crystal. The observed spectra of second-, third-and fourth-harmonic wave were also characterized. A maximum CE of SH and TH wave of 27.5% and 4.3% was achieved at 100 C and 77 C, respectively. This proposed fiber-format frequency conversion based on a high-power PCF laser scheme may open up the prospect for compact and flexible photonic devices.
